Introduction
Tire residues are a significant environmental problem which affects a large part of the developed countries as dumped tires take about 100 years to fully deteriorate. It is urgent to minimise industrial residues as the planet no longer has capacity for self-regeneration which is a major problem for the next generations. At the same time reutilisation of industrial residues can create an important economic surplus. One of the most prominent methods is to reduce the residues by means of reusing them as precursors for other processes, such as the production of carbon materials. Carbon materials, and in particular activated carbons (ACs), are nowadays one of the most relevant adsorbent materials in our society and used in diverse areas of human activity. ACs are used in a wide range of applications, in both the gas and liquid phases, that include medicinal uses, gas storage, pollutants removal, gas separations, odours removal and catalysis.
Typically, used tires can be processed by retreading (the tread patterns of the tires are replaced), recycling (the rubber material from the tires is used to replace materials for a range of products and applications and to some degree for new tires) or in energy recovery (as fuel replacing other sources such as oil or coal). However, these methods don't absorb all the waste tires that are being produced every day. The European Tyre Recycling Association (ETRA) estimated that in 2007 only 33% of the end-of-life tires were recycled into recovered materials [1].
The use of this type of precursor to produce ACs can give a valuable contribution to meet the European Union (EU) objective to abolish the landfilling of waste tires, which can only be achieved if alternative outlets, besides the usual methods, for waste tires are used. According to the European Environmental Agency in 2000 approximately 2.5×10 6 ton of waste tires were produced in EU Member States and about 30% were still dumped in landfill or burnt [2] . As of 2006 the European Directives have banned scrap tires, schredded tires and tire residues from being landfilled. The Directive 2006/12/EC states that "Member States must prohibit the abandonment, dumping or uncontrolled disposal of waste, and must promote waste prevention, recycling and processing for re-use" [3]. To our knowledge only a few papers have been published on the use of waste tires for AC production and none of them uses carbon dioxide as activating agent. Lin and Teng [4] and Ariyadejwanich et al. [5] used steam activation at 850 and 900ºC to produce mesoporous activated carbons. Also, some studies on the preparation of pyrolytic carbon black form waste tires were published [6] [7] [8] [9] [10] .
In this paper we report the study of the materials produced in the environment-friendly process of reusing tire waste, namely the surface characterisation of the activated carbons produced from Ground Tyre Rubber (GTR), also known in the bibliography as Crumb Rubber (CR), in this case coming from grinding end-of life tires.
Experimental
Materials. As precursor we have used tire residue from waste tires in granular shape with 4mm given to us by INSATURBO S.A (Alicante, Spain). The AC production was done in a horizontal furnace with a proper heating programme using as heating rate 10ºC/min. The carbonisation was done at 500ºC for 1h under a constant nitrogen flow of 85cm 3 /mL. The activation was done under a carbon dioxide constant flow of 85cm 3 /mL at 800 and 900ºC during various residence times in order to obtain a range of burn-off degrees. The ACs produced were designated by using the precursor designation followed by the temperature, burn-off and residence time (as example gtr81-1h). The carbonised sample was designated as gtr39-carb(500).
Characterisation. The thermal characterisation of the precursor was done in a Mettler-Toledo TGA/SDTA 851 thermobalance (Mettler-Toledo Inc., Switzerland) using a heating rate of 20ºC/min under a constant nitrogen flow of 60cm 3 /mL. All samples were characterised by X-ray diffraction (XRD), infrared spectrometry (FTIR) and scanning electron microscopy (SEM). The XRD measurements were carried out on a Bruker AXS-D8 Advance Powder Diffractometer using CuK α1 radiation (40kV, 30mA) at a step size of 0.020º between 5.000 and 60.020º. The SEM analyses were done in a JEOL, model JSM-6300, microscope. The AC samples for SEM observation were prepared by sputter-coating the surface with Au-Pd. FTIR spectra were recorded with a Perkin Elmer model Paragon 1000PC spectrophotometer, using the KBr disc method, resolution of 4 cm -1 and 100 scans. The point of zero charge (pzc) was determined by mass titrations, details given elsewhere [11] .
Results and Discussion
The precursor weight loss as a function of the temperature, described as the thermogravimetric curve, can be seen in fig.1 . It is clearly visible the low amount of water/humidity present in the precursor as only a small weight loss is observed at 100ºC. We can also notice a major weight loss between 350 and 450ºC due to the rubber degradation. From the TG/DTG analysis it is possible to estimate the composition of the precursor. The GTR used as precursor is composed of approximately 7% volatil matter, 36% inorganic ashes, 40% natural rubber/polybutadiene rubber and 17% polybutadiene rubber/styrene butadiene rubber.
The XRD analysis gives us two types of information, specifically an estimate of the dimensions of the microcrystallites that compose the ACs and a qualitative analysis of the heteroatoms present on the materials' surface. As can be observed in fig. 2 , all XRD patterns obtained have the two broad bands typical of carbon materials due to diffraction by the planes (002) and (10), the latter referring to overlapping diffraction by planes (100) and (101), situated at approximately 25º and 44º. The properties of these two bands can be used to estimate the microcrystallite dimensions, namely the interplanar spacing, d 002 , using the Bragg law (equation 1), and the microcrystalline height (L c ) and width (L a ) using the Debye-Scherrer equation that when applied to carbon materials takes the forms of equations 2 and 3. Also, it is possible to estimate the mean number of aromatic layers per microcrystallite (N p ) using the relation L c /d 002 . The results given in table 1 show that the AC
1384
Advanced Materials Forum V samples have a microstructural organisation with microcrystallite height around 1.5nm and width from 3 to 5.3nm. An increase in the mean number of layers with burn-off is also visible.
λ=2d 002 x senθ 002 (1) L c =(0.92λ / β L cosθ 002 )
(2) L a =(1.84λ / β L cosθ 10 )
(
where, λ is the wavelength of the incident radiation, d 002 is the interplanar spacing, θ 002 and θ 10 are the angle between the incident radiation and the planes (002) and (10), respectively, microcrystalline height L c is microcrystalline height, L a is the microcrystalline width and β L is equal to the peak width at half height corrected for instrumental broadening. On the other hand, from the crystallographic peaks on the XRD patterns it is possible to identify the heteroatoms present in the materials' surface by comparison between the patterns of the crystalline peaks obtained in our ACs with the database available with the instrument software. This analysis indicates the possible presence of oxides (single or mixture) of the following heteroatoms: Fe, Al, Ca, Mg, Ti, Si, K, Pb, Cd, Ba, Zn and Sn. As can be perceived in fig. 2 , a series of common peaks are observed for all AC samples, whose intensity decreases with burn-off. The peaks at 29 and 36º can be attributed to a mixture of iron, titanium, silicon, lead, barium and cadmium oxides. The peak at 33-34º can have contributions from iron, aluminium, cadmium, lead and zinc oxides whereas the peak at 39º can be ascribed to aluminium, potassium and silicon oxides. The possible presence of magnesium oxide gives origin to a peak at 43º, with possible contributions of aluminium and silicon oxides. The last peaks at 47, 51 and 56º are associated with the presence of SiO, SnO 2 and ZnO, respectively. Figure 3 shows representative SEM micrographs of the precursor, the carbonised and one activated sample (gtr97.5-1h). It is clearly visible that the precursor has a compact and more or less homogeneous surface. The pyrolysis undertaken during the carbonisation leads to the creation of some orifices or pores originated by the thermal degradation of the precursor and the release of the volatile mater. The activation with carbon dioxide continues to create pores by the burn-out of the carbonaceous structure. The presence of heteroatoms, such as magnesium, calcium and barium can catalyse the reaction between the materials' surface and the activating gas and thus generate active sites for the formation of significant porosity at higher rates meaning that the gas won't have enough time to properly diffuse into the interior of the material. The SEM analysis seams to indicate the presence of meso and macropores in the activated samples, which can be relevant in applications where the substance to be adsorbed and/or removed has considerable molecular dimensions, such as proteins and other biomolecules. The surface chemistry properties of the samples were evaluated by the determination of the pH corresponding to the pzc value and the qualitative analysis carried out by FTIR. All samples have basic characteristics with pzc values above 8.8, as can be seen in table 1, which indicates a good potential to be used, at lower pH, for the adsorption of substances with net positive charge. The pzc value increases with burn-off from 8.8 to 11.0. The surface basicity is the result of the delocalised π electrons present at the AC basal planes, which act as a Lewis base, and of the surface chemistry.
The analysis of the FTIR spectra was done using the information available in the literature [12] [13] [14] and the software Know It All of Biorad®. All samples give fairly similar FTIR spectra with a major part of the bands being present for all samples. However, despite this resemblance there are differences in the relative intensity of the bands. The broad band centred at 3450cm -1 can be attributed to several modes of stretching (ν) of hydroxyl groups (-OH, free and phenol). The bands at 2930 and 2940cm -1 are due to asymmetric and symmetric stretching of C-H, respectively. The same group is also responsible for the band at 1456cm -1 . The aromatic structure of the materials, namely C=C bonds, originates some bands in the interval 1400-1500cm -1 (stretching) and 600-800cm -1 (deformation). The presence in the AC surfaces of several types of C=O groups, such as quinones or lactones, is pointed out by the bands situated between 1600 and 1750cm -1 . It is also possible to identify the presence of a number of alcohol and ether groups as some bands around 1110cm -1 are clearly visible. The band at approximately 1000cm -1 points towards the presence of Si-O bonds. Therefore, we can state that the main surface functional groups identified by FTIR are ether, quinones, lactones, ketones, hydroxyls (free and phenol) and pyrones. 
Conclusion
The AC samples produced seem to have interesting mechanical and macroscopic characteristics for use in a number of possible applications, mainly the adsorption, immobilisation or removal of relatively large molecules such as proteins and other biomolecules, principally if neutral or positively charged. 1   4000  3500  3000  2500  2000  1500  1000  500 Transmittance / % g t r 8 1 -1 h g t r 9 1 6 -2 h gtr97-1h gtr39-carb(500)
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